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Abstract
Elastomers ﬁlled with hard nanoparticles are of great technical importance for the rubber
industry. In general, ﬁllers improve mechanical properties of polymer materials, e.g. elastic
moduli, tensile strength etc. The smaller the size of the particles, the larger is the interface where
interactions between polymer molecules and ﬁllers can generate new properties. Using
temperature-modulated differential scanning calorimetry and dynamic mechanical analysis, we
investigated the properties of pure styrene-butadiene rubber (SBR) and SBR/alumina
nanoparticles. Beside a reinforcement effect seen in the complex elastic moduli, small amounts
of nanoparticles of about 2 wt% interestingly lead to an acceleration of the relaxation modes
responsible for the thermal glass transition. This leads to a minimum in the glass transition
temperature as a function of nanoparticle content in the vicinity of this critical concentration. The
frequency dependent elastic moduli are used to discuss the possible reduction of the
entanglement of rubber molecules as one cause for this unexpected behavior.
Keywords: nanocomposites, styrene-butadiene, alumina, nanoparticles, glass transition, DMA,
TMDSC
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
Nowadays, many research works are dedicated to the mod-
iﬁcation of polymer properties using nanometer sized ﬁllers
[1, 3, 13, 16, 28, 30]. The improvement of mechanical
properties of polymers [13, 14, 16, 18, 29, 30] is important for
many applications, e.g. reinforcement of elastomers [17] for
the use in car tires. In ﬁlled polymers, the mobility of polymer
molecules is often reduced. This can be due to e.g. conﬁne-
ment effects by the ﬁllers or due to interactions between
polymer molecules and ﬁller particles. This effect is usually
more pronounced for nanometer sized ﬁllers than for
micrometer sized ﬁllers [28, 30]. The reduced mobility
often leads to increased glass transition temperatures
[7, 10, 19–21, 23, 26]. The introduction of ﬁllers into a
polymer matrix is generally accompanied by the formation of
layers (interphases) of slowed molecular dynamics around the
particles [2, 9, 12, 25, 26]. In elastomers, interphases with
almost immobile molecules are known as bound rubber [19].
If the difference in mobility between molecules in the inter-
phase and the bulk is high enough, two glass transitions have
also been reported [2, 25, 26]. Depending on the interaction
between ﬁllers and matrix molecules, unchanged [5, 22] or
even accelerated [9] molecular dynamics can be found too
(for a decent review please see [11]). The sign of the ﬁller
inﬂuence on the mobility of polymer molecules may even
depend on the molecular weight of the matrix molecules [8].
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Most of the studies analyze the effect of high nanoparticle
concentrations up to 50 wt% on the composites’ properties.
Nevertheless, even at small ﬁller contents, changed molecular
mobility leading to changes in the glass transition behavior
has been reported [8–10]. With the exception of the work of
Bindu et al [10], it is common for all studies cited above, that
the incorporation of nanoparticles inﬂuences the glass tran-
sition temperatures for a given system only in one way
(increase, decrease or no change). In the present work, we
present a system (styrene-butadiene rubber (SBR) ﬁlled with
untreated alumina nanoparticles) where both accelerated as
well as reduced molecular dynamics can be found for the
same system. This leads to a minimum in the glass transition
temperature at small ﬁller concentrations. Dynamic mechan-
ical analysis (DMA), rheometry and temperature-modulated
differential scanning calorimetry (TMDSC) together with
structural investigation tools have been used to shed light on
this unexpected experimental ﬁnding.
2. Experimental
2.1. Materials
Poly(styrene-co-butadiene) rubber (SBR, Sigma-Aldrich) con-
taining 45% of styrene and alumina nanoparticles (Aeroxide
Alu C delivered by Evonik) were used in this work. According
to the producer, the average diameter of the primary particles
produced by noble gas condensation is about 13 nm. During
the production process, primary particles sinter into irregularly
shaped, chemically bonded aggregates. This leads to fractal
nanoparticles with linear dimensions between 13 and 200 nm
[6]. The solvent used in this work (chloroform) is of spectro-
scopic purity grade, supplied by Carl Roth GmbH.
2.2. Composite preparation and characterization
To produce the SBR/AluC nanocomposites, the following
procedure was used [4]: a known mass of AluC nanoparticles
was dispersed and sonicated in chloroform, after which a
known quantity of 10% SBR solution in chloroform was
injected. This mixture was stirred in a planetary mixer for
15min and then freeze–dried. The samples for investigations
were molded into disks in a vacuum oven at 85 °C during 24 h.
Thus, a series of disk-like nanocomposites containing 1,
1.5, 2, 3, 4, 10 and 20 wt% of AluC nanoparticles was pre-
pared. To examine the dispersion of the alumina nanoparticles
in the SBR matrix, cross-section samples were cut using a
microtome. The cross-sectioned areas were examined by
transmission electron microscopy (TEM). The TEM (JEOL
JEM 2011-HRTEM) was operated at an acceleration voltage
of 100 kV. Figure 1 shows TEM pictures of SBR samples
ﬁlled with 1, 2 and 4 wt% of alumina nanoparticles at four
different magniﬁcations. The highest magniﬁcation of the 1%
sample depicts the chemical aggregation of the primary par-
ticles (13 nm) to fractal nanoparticles (up to 200 nm in dia-
meter). It has been shown that these aggregates cannot be
broken even by high shear forces [27]. The higher
concentrations (2% and 4%) show the formation of small
agglomerates of aggregates. Prior investigations have shown
[7] that these agglomerates can easily be broken by applying
shear forces, e.g. in AluC/epoxy resin nanocomposites.
Therefore we assume that the agglomerates are held together
by small Van der Waals forces due to the hydrophilic nature
of the aluminas’ surfaces.
To ensure the right ﬁller concentrations especially at low
ﬁller contents, degradation experiments between 300 and
770 K were performed using thermogravimetric analysis
(TGA, TA Instruments TGA 2590) (ﬁgure 2).
2.3. Techniques
Temperature-modulated differential scanning calorimetry
(TMDSC, Mettler Toledo DSC 823) was used to investigate
the glass transition behavior of the SBR nanocomposites.
Samples of 6–10 mg were weighed and sealed in aluminum
pans. TMDSC measurements were performed in nitrogen
atmosphere in the temperature range from 298 to 223 K with a
cooling rate of 0.5 Kmin−1, a temperature modulation
amplitude of 0.5 K and a modulation period of 2 min. The real
and imaginary parts of the speciﬁc heat capacity were eval-
uated using standard methods [24]. The glass transition
temperature was determined as the inﬂection point of the real
part of the speciﬁc heat capacity. Temperature and heat ﬂow
calibration of the calorimeter was done using adamantane,
water, indium, naphthalene, benzoic acid and zinc standards.
The viscoelastic behavior of the samples was character-
ized at low strains (linear regime conditions) using DMA
(Mettler Toledo DMA/SDTA 861e). Two equal disks of each
nanocomposite with diameters of about 8 mm and thicknesses
of about 1 mm were mounted into a shearing device. The
storage G′ and loss G″ parts of the dynamic shear modulus
were isothermally measured as a function of frequency (from
0.008 to 800 Hz) at the following temperatures: 223, 233,
243, 253, 273, 293, 313, 333, 353 and 373 K. The DMA
method is limited by the fact that the sample holder can only
poorly be adapted to the changing thickness of the sample.
This holds especially true at low temperatures (high fre-
quencies in the master curves) near or below the thermal glass
transition. To overcome this problem, rheometry (Anton Paar
MCR 302 rheometer) was also performed on disc-like sam-
ples in parallel plate geometry (diameter 8 mm). For more
details of the experimental setup see [15]. During the rheo-
logical measurements, the normal force was kept constant at
2 N and the gap size (usually between 1 and 2 mm) was
allowed to adapt to the thermal expansion of the samples.
Using this conﬁguration, we were able to measure loss curves
(tan δ) in the region of the dynamic glass transition (ﬁgure 9).
The rheology measurements were made by isothermal fre-
quency sweeps at 238, 243, 248, 253, 263, 273, 283, 288,
303, 303, 323 and 343 K. The measurement conditions were
always chosen to strictly respect the linear response regime
for each frequency f and at any given temperature T.
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3. Results and discussion
3.1. Results from calorimetry
The upper part of ﬁgure 3 shows the glass transition tem-
peratures Tg of the SBR/Alu C composites for different ﬁller
concentrations. The most prominent feature is an unexpected
minimum in Tg at wAluC≈ 1.5–2 wt%.
The slight increase of Tg from the pure SBR system to the
system ﬁlled with 20 wt% of alumina nanoparticles measures
up to expectations: (i) the mere presence of the nanoparticles
hinders the ﬂow/movement of the polymer molecules, (ii)
interactions between SBR molecules and the nanoparticles’
surfaces are expected to slow down the molecular dynamics
of the composite system. As the change of Tg remains small
for high ﬁller loading (wAluC > 10 wt%), it can be suggested
that the molecular mobility of the chains is only moderately
slowed down by the new interactions promoted between the
hydrophilic ﬁllers and the hydrophobic matrix molecules. The
unexpected minimum in Tg signiﬁes an acceleration of the
dynamics of the SBR molecules for low ﬁller concentrations
compared to the pure SBR system.
3.2. Results from mechanical spectroscopy
Dynamic mechanical investigations were conducted to
examine the effect of nanoﬁllers on the thermomechanical
properties of SBR nanocomposites. Figure 4 shows master
curves of the storage modulus G′(f) and loss modulus G″(f)
for composites with different concentrations of alumina
nanoparticles. As an overview, ﬁgure 4 shows the effect of
the incorporation of nanoparticles on the G′ and G″ curves for
the systems containing 0%, 10% and 20% Alu C. These
systems obviously present noticeable reinforcement effect.
The master curves (ﬁgure 4) display four different regions
which are characteristic for the viscoelastic behavior of
Figure 1. TEM pictures of the SBR nanocomposites with 1% (left), 2% (middle) and 4% (right) of alumina nanoparticles.
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rubber-like materials: (i) the glassy region in the high fre-
quency range where the composites are dynamically frozen;
(ii) the transition zone between glass and rubber where the
mechanic properties are dominated by the structural relaxa-
tion processes connected to the dynamic freezing; (iii) the
rubbery plateau where the slope of the master curves is
reduced due to physical cross-links by entanglement of SBR
molecules; (iv) the terminal ﬂow range at low frequencies.
Figure 5 shows the inﬂuence of the nanoparticles on the
elastic moduli in the region around the rubbery plateau in
more detail. To construct the master curves for a reference
temperature of 273 K, the temperature–frequency equivalence
principle has been exploited. The corresponding horizontal
shift factors log aT for all nanocomposite systems are depicted
in ﬁgure 6. No vertical shift was necessary (bT = 1). The shape
of the log aT curves does not vary much with the nanoparticle
content. This means that the temperature dependencies of the
intrinsic relaxation processes are qualitatively the same for all
nanoparticle concentrations.
In the glassy region, the effect of the nanoparticles is less
pronounced than in the other regions. This is due to the fact
that the stiffness moduli of the SBR matrix approach the high
moduli of the alumina nanoparticles at high frequencies. In all
other regions, the reinforcement effect of the nanoparticles
can clearly be seen in the frequency dependency of both
master curves.
The reinforcement effect is also found for small nano-
particle concentrations below 10 wt%, but ﬁgure 5 shows that
there is a dependency of this effect on the probe frequency.
Figures 7 and 8 resolve this dependency for both the real part
(ﬁgure 7) as well as for the imaginary part (ﬁgure 8) of the
complex elastic modulus measured by DMA.
The G′(wAluC) curve for 10−4 Hz shows a reinforcement
effect which increases with the concentration of nano-
particles. This general trend is observed up to a frequency of
about 10 Hz. For higher frequencies approaching the dynamic
glass transition, the reinforcement increases rapidly at low
concentrations—almost showing a maximum at about
wAluC = 1.5 wt%. The same behavior can be observed for the
G″(wAluC) curves. The maximum at about wAluC = 1.5 wt% is
even more pronounced. Comparing the concentration
dependency of both moduli with the ﬁller content dependency
of the thermal glass transition temperature (ﬁgures 7 and 8), it
turns out that the maximum in the moduli is found at the same
nanoparticle concentration as the minimum in Tg.
3.3. Discussion
The most prominent feature of the presented experimental
results is the minimum in the glass transition temperature Tg
of the nanocomposites for low ﬁller concentrations. This
minimum is accompanied by a general trend towards
increasing Tg values with increasing nanoparticle concentra-
tion. It can only be explained by a mechanism or process
which accelerates the dynamics of the rubber molecules for
ﬁller concentrations up to about 2 wt%. This would be the
opposite of what is known as ‘bound rubber’ [19]. Since the
untreated alumina nanoparticles have a hydrophilic character,
it could be argued that the hydrophobic rubber molecules
show only weak interactions with the nanoparticles’ surfaces
leading to accelerated dynamics of rubber molecules near
nanoparticle surfaces. This should however also be the case
for higher ﬁller concentrations leading to a general trend to
lower glass transition temperatures which is at ﬁrst sight in
contradiction to the experimental ﬁndings. However, Bindu
et al [10] argue for natural rubber/ZnO nanocomposites that,
starting at concentrations of about 2 vol%, aggregation of
nanoparticles takes place leading to a preference of nano-
particle/nanoparticle interactions over nanoparticle/rubber
Figure 2. Experimental AluC concentration wAluC determined by
thermogravimetry versus theoretical AluC concentration for the
nanocomposites under study.
Figure 3. Glass transition temperatures Tg from the real part of the
speciﬁc heat capacity (measured at 8.3 mHz with TMDSC) and
frequency positions of the maxima of the tan δ curves (at 273 K from
rheology, ﬁgure 9) as a function of nanoparticle content.
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interactions. Our TEM data (ﬁgure 1) shows a slight tendency
for the nanoparticles to cluster, but this tendency can be found
for all of the samples investigated by TEM (1%, 2% and 4%).
The sample with 2% does not show any peculiarities. Fur-
thermore, experiments with SBR nanocomposites with the
same alumina particles but coated with several different
hydrophobic layers (to be published) show a similar Tg
minimum at low ﬁller concentrations. This leads us to the
conclusion that aggregation of nanoparticles is not the reason
for the observed behavior. Moreover we claim that the
reduction of the number of entanglements (physical cross-
links) between polymer chains by the presence of small
amounts of nanoparticles is responsible for the accelerated
local dynamics at small ﬁller concentrations. During the
preparation of the nanocomposites from solution, the nano-
particles seem to hinder the formation of physical cross-links.
The structural relaxation (α-process) of the SBR molecules
becomes faster which explains the decrease of Tg for these
small concentrations. Since the number of entanglements in
unﬁlled SBR rubber is limited, there is also a limit for the
acceleration of the molecular dynamics. The accelerated
dynamics at low concentrations is superimposed by a general
trend to lower local dynamics with increasing ﬁller con-
centration. This could be due to the fact that interactions at the
nanoparticles’ surfaces have a small retardation effect on the
glass forming dynamics of the SBR molecules. This effect
seems to be far too small to talk of ‘bound rubber’: the
increase of Tg from unﬁlled to 20 wt% is only about 1.7 K! In
addition to possible attractive interactions between rubber
molecules and nanoparticle surfaces, conﬁnement of the
rubber molecules by the presence of the nanoparticles could
also be the reason for the slight overall increase of the glass
transition temperature.
Measurements of the loss factor tan δ by rheology
support the idea of increased (at about 1.5–2%) and slowed
(>4%) mobility: in the upper part of ﬁgure 9, the frequency
dependence of tan δ at a reference temperature of 273 K is
shown. The lower part shows the same curves scaled ver-
tically by a factor in a way that all curves have the same
height at the maximum. There are two important results: (i)
The shift of a single tan δ curve with a speciﬁc nanoparticle
concentration with regard to the curve of the unﬁlled rubber
is the same at all frequencies shown in ﬁgure 9. This means
that the inﬂuence of the nanoparticles on the dynamics of
the rubber molecules is the same for low frequencies where
ﬂow plays a major role and for high frequencies around the
dynamic glass transition temperature where segmental
mobility dominates. This holds true for the curves which
are shifted to higher frequencies as well as for curves
shifted to lower frequencies. (ii) The shift of the tan δ
maximum with the concentration of the nanoparticles, i.e.
the dynamic glass transition at the reference temperature of
273 K, reﬂects the results of the TMDSC measurements: in
the lower part of ﬁgure 3, the frequencies of the tan δ
maximum are plotted as a function of ﬁller content. At the
concentrations where the Tg values show a minimum, the
tan δ data shows a maximum. Using the activation plot of
the α-process measured by dielectric spectroscopy for the
pure SBR system, it can be calculated that the 8.3 mHz at
Tg from the TMDSC measurements corresponds to about
300 Hz at the reference temperature of 273 K used for the
master curves of the tan δ data. From the fact, that the
concentration dependent shift of the tan δ curves is inde-
pendent of the frequency (see (i)), it can be expected that
the Tg minimum from TMDSC measurements can be found
Figure 4.Master curves of the elastic moduli for selected nanocomposites (see text). Symbols are only used for the sake of clarity; data points
lie much closer (ﬁgure 5) and are here represented by solid lines. DMA measurements, reference temperature: 273 K.
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at the same nanoparticles concentration as the maximum of
the tan δ curves.
To summarize, acceleration due to reduction of entan-
glements on one hand and retardation due to nanoparticle/
rubber interactions and conﬁnement on the other hand are
made responsible for the unexpected behavior of the glass
transition temperature from TMDSC and the loss maximum
from rheology.
The effect of the disentanglement can be seen in both
moduli (ﬁgures 7 and 8): there is a step at ﬁller concentrations
where the inﬂuence of disentanglement is expected to end.
4. Conclusions
Nanocomposites of untreated alumina nanoparticles and
uncured SBR rubber were prepared and their thermal and
Figure 5.Master curves of the elastic moduli of all nanocomposites in a frequency region around the rubbery plateau. DMA measurements,
reference temperature: 273 K.
Figure 6. Horizontal shift factors log aT used to construct the master
curves displayed in ﬁgures 4 and 5. DMA measurements, reference
temperature: 273 K.
Figure 7. Storage modulus G′ (DMA measurements) as a function of
nanoparticle content, evaluated at different frequencies at the reference
temperature of 273 K. Lines are guides for the eyes. The uppermost
curve on the left side shows the dependency of the glass transition
temperature of the nanoparticle content as measured by TMDSC.
6
Nanotechnology 25 (2014) 425704 R Sushko et al
dynamic mechanical properties were investigated by
calorimetry and mechanical spectroscopy. An unexpected
minimum in the glass transition temperature at small ﬁller
concentrations could be found. Two opposed processes are
made responsible for the observed behavior: the underlying
trend to higher glass transition temperatures with higher
nanoparticle content is attributed to weak nanoparticle/
rubber interactions and to conﬁnement effects. Acceleration
of molecular dynamics is considered as being a con-
sequence of a reduction of the number of entanglements due
to the presence of the nanoparticles during sample pre-
paration from solution. This accelerating inﬂuence is lim-
ited by the total amount of entanglements present in the neat
SBR. More investigations with different surface treatments
of the nanoparticles are under way. First results conﬁrm the
presented minimum of the glass transition temperature for
all of these systems. In our view, this supports the inter-
pretation of the acceleration of the structural relaxation
process being a consequence of disentanglement caused by
the nanoparticles.
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